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Frontal lobe white matter
hyperintensities and neurofibrillary

pathology in the oldest old

ABSTRACT

Background: Current studies suggest an interaction between vascular mechanisms and neurode-
generative processes that leads to late-onset Alzheimer disease (AD). We tested whether AD
pathology was associated with white matter hyperintensities (WMH) or cerebral infarcts in the
oldest old individuals.

Methods: Brains from 132 subjects over 85 years old, who came to autopsy from the Vantaa 85+
population-based cohort, were scanned by postmortem MRI and examined for neuropathologic
changes. Coronal images were analyzed to determine the degree of frontal and parietal periven-
tricular WMH (PVWMH) and deep WMH (DWMH) and cerebral infarcts. Neuropathologic variables
included Consortium to Establish a Registry for Alzheimer's Disease scores for neuritic plaques
and Braak staging among subjects in 5 groups: normal aging (NA), borderline with insufficient AD
pathology, AD, AD plus other pathology, and other primary degenerative diseases.

Results: Frontal DIWMH were detected in >50% of the sample. Both frontal PVWMH and DWMH
were significantly more extensive in the AD group compared to the NA group or the NA and
borderline groups combined. Frontal PVWMH and DWMH were also associated with increased
Braak staging (o = 0.03) and the neuritic plaque load (p = 0.01). Further analysis revealed there
were a greater number of cerebral infarcts associated with frontal DWMH (p = 0.03) but not with
frontal PVWMH.

Conclusions: Our study showed an association between neurofibrillary pathology and frontal
PVWMH and DWMH (rather than parietal), as a surrogate of small vessel disease, particularly in
very old community-dwelling individuals. Neurology® 2010;75:2071-2078

GLOSSARY

AD = Alzheimer disease; AGD = argyrophilic grain disease; CERAD = Consortium to Establish a Registry for Alzheimer's
Disease; CVD = cerebrovascular disease; DLB = dementia with Lewy bodies; DTI = diffusion tensor imaging; DWMH = deep
white matter hyperintensities; MR = magnetic resonance; NA = normal aging; PYVWWMH = periventricular white matter hyper-
intensities; VaD = vascular dementia; WM = white matter; WMH = white matter hyperintensities.

Recent studies suggest that cerebrovascular disease (CVD) and vascular risk factors increase risk of
Alzheimer disease (AD) and other dementias.’* Midlife history of vascular risk factors such as
arterial hypertension, dyslipidemia, hyperinsulinemia and type 2 diabetes, obesity, atherosclerosis,
and arrhythmias®© appears to be associated with brain changes and greater risk of cognitive impair-
ment and dementia in later life. Understanding how these systemic vascular factors precisely modify
the brain aging process to cause dementia and possibly increase production of AD-type pathology
has considerable implications for diagnosis, prevention, and treatment.

Parallel studies also indicate a substantial clinical and pathologic overlap between AD and
vascular dementia (VaD)”? with an increasing burden of mixed pathology in the very old."

e-Pub ahead of print on November 3, 2010, at www.neurology.org.

From the Institute for Ageing and Health (T.M.P., R.N.K.), Newcastle University, Newcastle upon Tyne, UK; Departments of Neurology
(E.C.W.v.S., P.S.) and Radiology (F.B.), VU University Medical Centre, Amsterdam, the Netherlands; Department of Community Health and
General Practice (R.S.), University of Kuopio, Kuopio; Department of Radiology (H.J.A.), Turku University Central Hospital and University of
Turku, Turku; Katriina Hospital (L.N.), Vantaa; Departments of Neurosurgery and Pathology (M.O.), University of Helsinki, and Helsinki
University Central Hospital, Helsinki; and Department of Neurology (T.E.), University of Helsinki, Helsinki, Finland.

Study funding: Work in Newcastle is supported by the Medical Research Council (UK), the Alzheimer’s Research Trust (UK), and the National
Institutes of Health (NINDS).

Disclosure: Author disclosures are provided at the end of the article.

Copyright © 2010 by AAN Enterprises, Inc. 2071

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



Despite these realities, there remains an im-
portant debate currently as to whether isch-
emic cerebrovascular disease contributes
directly to the development of Alzheimer pa-
thology” or whether cerebrovascular disease is
merely an independent, comorbid process
that increases the likelihood of a dementia di-
agnosis in patients with asymptomatic low-
grade AD pathology.!" The mode or nature of
the interaction between these processes result-
ing in dementia, particularly in the oldest sur-
vivors often with mixed pathology,'*'?
remains unclear. One approach to reliably ex-
plore such interaction is by examining
whether graded neurodegenerative pathology
is associated with vascular changes, i.e., white
matter hyperintensities (WMH) or cerebral
infarctions in subjects with and without de-
mentia who are recruited from unselected
population-based samples.

In this study, with emphasis on brain pa-
thology in the very old (>85 years of age),
we assessed whether there were any rela-
tionships between white matter (WM) ab-
normalities seen on postmortem MRI and
macroscopic brain infarcts, and neurode-
generative pathology apparent at autopsy in
brains from the Vantaa 85+ population-
based cohort study.!

[ Figure 1 Differences in severity of white matter hyperintensities ]

Individuals with score 1 (none had score 0) for frontal periventricular white matter hyperin-
tensities (A, frontal capping, within circle) and subjects with scores 0-3 for frontal deep
white matter hyperintensities (DWMH) (A, punctiform lesions, arrow) represented those
with mild white matter (WM) abnormality, while those with more extensive lesions (B), fron-
tal capping extending into the WM (circle right) and confluent DWMH (circle left), formed the
groups of individuals with severe WM abnormality.
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METHODS Study subjects and brain tissue. The Van-
taa 85+ study comprised assessment of 601 community-
dwelling persons, all at least 85 years of age, who were living in
the town of Vantaa (Southern Finland) on April 1, 1991." Dur-
ing a 10-year follow-up from 1991 to 2001, we accrued 304
autopsies, which all included neuropathologic examination. Of
these, 145 brains were scanned by magnetic resonance (MR)
between 3 months and 4 years after fixation in phosphate-

buffered 10% formalin solution.

Standard protocol approvals, registrations, and patient
consents. This prospective, population-based cohort study has
been approved by the ethics committee of the Health Centre of
the city of Vantaa and the tissue retention by the National Au-
thority for Medicolegal Affairs, Helsinki, Finland. Individual

consents from the subjects were also obtained.

Postmortem MRI and analysis. For the subsequent analy-
sis, we excluded 13 of the 145 scanned brains because the
WM could not be analyzed reliably due to the presence of
hemorrhages, tumors, and artifacts. The brains were prepared
and MR imaged as described previously with the same scan-
ning protocol.'

The Scheltens rating scale'” for the visual assessment of signal
hyperintensities in the MRI was used to rate severity of WM
changes. The images with increasing severity of frontal or pari-
etal periventricular WMH (on a 2-point scale) and the frontal,
parietal, temporal, and occipital deep WMH (on a 6-point scale)
were rated by a skilled reader (E.C.W.v.S., weighted kappa score
for interrater reliability 0.85) blinded to other data. Figure 1, A
and B, shows the regions of interest and severity WMH with the
scores. Individuals with score 1 (none had score 0) for frontal
periventricular WMH and subjects with scores 0-3 for frontal
deep WMH represented those with mild WM abnormality,
while those with more extensive lesions formed the groups of

individuals with severe WM abnormality.

Neuropathologic data acquisition and analysis. MR-
imaged cerebrums were cut into 1-cm-thick coronal slices and
examined for cavitated lesions or solid cerebral infarcts. The
macroscopic infarcts were confirmed by subsequent histologic
examination. Samples were also obtained from the left middle
frontal, superior temporal, and middle temporal gyri, and infe-
rior parietal lobule, according to the Consortium to Establish a
Registry for Alzheimer’s Disease (CERAD) protocol for the diag-
nosis of AD,'® to be cut at a thickness of 10 um for staining with
a modified Bielschowsky method for neuritic plaques and neuro-
fibrillary tangles. The maximum density of neuritic plaques was
scored according to the CERAD protocol.!® Tangles were
counted as described previously."” To estimate the amyloid-8
protein load in the neocortex, the fraction of the cortex covered
by methenamine-silver stained plaques was quantified as de-
scribed previously” on 8-um-thick sections cut from the same
CERAD blocks (see above).

Tissue blocks for staging of neurofibrillary changes and for
detection of the argyrophilic grains were obtained and processed
as described previously.!" Braak staging was performed as de-
scribed previously.'? The Braak stage, CERAD score, amyloid
burden, and tangle counts were examined independently of each
other.

Samples from the right hippocampus and midbrain were
embedded in paraffin and cut for the hematoxylin-cosin staining
and a-synuclein (Transduction Laboratories, Lexington, KY)
immunohistochemistry for the detection of hippocampal sclero-

sis and Lewy-related pathology.?! All the gross and microscopic
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( Table 1

Feature
Demographic details
No.
Age, y, mean = SD
Agerange, y
Female, %
Pathologic features
Brain weight, g, mean = SD

Mean = SD Braak staging
(range)

Mean =+ SD tangle count
(range)

Mean + SD amyloid g load
(%) (range)

Presence of infarcts, %

Presence of any frontal
PVWMH or DWMH on MRI, %*

Severity of combined
PVWMH or DWMH, %

MRI scores®

Frontal PYWMH scores

1
2
Frontal DWMH score

0-3
4-6

Combined frontal WMH
Mild

Severe

NA Borderline AD

15 34 30

893 91=+3 91+3
86-95 86-101 87-98

87 88 90

1,253 =127 1,137 =123 1,155+ 130
1.5(0-11) 2.5(0-1v) 5.0 (IV-VI)

0.01 +0.01(0.0-0.1) 0.1 +0.1(0.0-0.5) 5.3=8.3(0-39)

0.5+ 0.7(0.0-2.4) 2.1 +2.3(0.0-9) 6.1 +3.4(0.6-17)

47 56 53
100 100 100
25.0 38.5 67.0
12 18 12

3 16 17

9 22 10

6 12 19

€ 16 7

3 10 14

Age, gender, disease severity, and frontal PVWMH and DWMH by MRI in different pathologic groups® ]

AD + other? Other® Significance

18 35 —

90 =3 914 NSD

85-95 86-105 —

78 86 —

1,200 = 95 1,205 =129 NSD

4.7 (IV-VI) 2.4 (0-1V) p <0.001

6.7 = 10 (0-39) 0.06 = 0.1(0.0-0.6) p<0.001

57 +28(1.8-13) 1.8+ 1.9(0.0-6.5) p <0.001

50 63 NSD

100 100 NSD

53.9 45.0 p <0.03
p<0.05
(NA vs AD; AD +
other)

9 20

9 14
p <0.02
(NA and
borderline vs AD
or all)

8 16

10 17

6 11 p <0.03
(NA vs AD); p <
0.001
(NA + borderline
vs AD or any AD)

7 9

Abbreviations: AD = Alzheimer disease; AGD = argyrophilic grain disease; DLB = dementia with Lewy bodies; DWMH = deep white matter hyperintensities;
HS = hippocampal sclerosis; NA = normal aging; NSD = no significant difference by analysis of variance, Pearson x2 or correlation analysis; PVWMH =
periventricular white matter hyperintensities; WMH = white matter hyperintensities.
2 There were 114 women in the total sample of 132. Significance analysis by analysis of variance.
® AD + other pathology group included DLB (11), AGD (4), and HS (3).

¢ Other included DLB (6), DLB with AGD (3), AGD = HS (17), HS (6), and other tauopathy (3).
d Subsequent analyses were undertaken in 130 subjects since MRI data were lacking in 2 cases.

e For the analysis of combined frontal white matter changes, 92 of 129 cases where information for both datasets was available fell into mild and severe
scores. Mild scores were defined in all those scoring 1 in frontal PVWMH and 0-3 for frontal DWMH. Severe was defined as PVYWMH of 2 and frontal DWMH
as 4-6. There was no evidence of any association between the parietal, temporal, or occipital WMH and primary neurodegenerative pathology. PVWM and
DWM changes were determined from MRI using the Scheltens?!” scoring system.

examinations were performed blinded to the clinical data and

postmortem MRI findings.

Description of neurodegenerative and vascular
changes. Each case (n = 132) was assigned to 1 of the 5 groups
defined by the severity of AD or other type of primary neurode-
generative pathology (table 1). The normal aging group (NA;
n = 15) included subjects who had Braak stage 0, I, or II, no or
sparse neuritic plaques, according to the CERAD protocol, and
no other primary neurodegenerative disease. Subjects in the bor-

derline group (n = 34) did not fulfill criteria for NA, AD, or

other primary neurodegenerative pathology. The AD group
(n = 30) included cases that exhibited Braak stages IV, V, or VI
together with a CERAD score of moderate or frequent. Addi-
tional AD-related features included neocortical tangle counts
and neocortical amyloid-B protein load (table 1). The AD plus
other group (n = 18) included cases that met pathologic criteria
for both AD and other primary neurodegenerative diseases (table
1). This “other” group (n = 35) had cases defined as dementia
with Lewy bodies (DLB, n = 6), DLB with argyrophilic grain
disease (AGD) (n = 3), AGD with or without hippocampal
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sclerosis (HS) (n = 17), HS alone (n = 6), and types of tauopa-
thy (n = 3) (table 1).

Lewy body-related pathology included subjects who had dif-
fuse neocortical Lewy-related pathology.?! Diagnosis of AGD
was based on the presence of a belt-like infiltrate of Gallyas-
positive spindle- or comma-shaped neurophilic structures.'® HS
was neuropathologically defined as a total or subtotal (few scat-
tered neurons seen) loss of neurons in the CAl region of the
hippocampus and other tauopathy included cases with tangle
only dementia and subjects who showed Gallyas-positive ring- or
Pick body-like inclusions.'®

The subjects were also classified according to the presence of
the macroscopic infarcts, their anatomic location (cortex, WM,
basal ganglia), size (widest dimension no more than 15 mm, over

15 mm), and number (less than 3, at least 3; table 1).

Statistical analyses. Standard statistical methods involving
nonparametric techniques and linear regression were appropriate
for the data analysis (n =25). All statistical analysis was per-
formed using the SPSS v.10 software (Chicago, IL). Pearson x>
and Fisher exact tests, where applicable, were used to compare
the proportion of individuals in various groups. Associations be-
tween numeric variables were determined using the Spearman
rank correlation analysis (coefficient estimate 7). Analysis of vari-
ance was used to decipher trends in variables and further scruti-
nized by post hoc tests. Comparisons between categories and
numeric variables, e.g., age, measures of pathologic lesions, cor-
tical AB, or NFT counts, were assessed by the Mann-Whitney U
test. Significance was considered at a p value equal to or less than
0.05.

Each variable for Alzheimer type neuropathology, i.e.,
CERAD score, Braak stage, neocortical amyloid 8 load, and neo-
cortical neurofibrillary tangle counts, was analyzed separately.

The groups for individuals with different neocortical amyloid 8

Table 2 Relationship between frontal PVWMH and DWMH and severity of
Alzheimer type of pathology®
Frontal PVWMH Frontal DWMH
Rating of pathologic feature 1 2 0-3 4-6
Braak stage for NFT?
O-lI 20 8 20 8
Hn-v 15 16 14 17
V-VI 7 12¢ 7 12¢
CERAD score for NP®
0 or sparse 19 7 15 11
Moderate 17 264 23 20
Frequent 6 8] 3 6

Abbreviations: AD = Alzheimer disease; CERAD = Consortium to Establish a Registry for
Alzheimer's Disease; DWMH = deep white matter hyperintensities; NA = normal aging;
NP = neuritic plagues; PVWMH = periventricular white matter hyperintensities.

2 Data are from 78 subjects comprising AD cases without other primary neurodegenerative
disorder vs NA + borderline samples.

b Significance: © p < 0.03 (y?), more extensive frontal PVWMH in subjects with higher Braak
stage scores.

¢ p < 0.01 (x?), more extensive frontal white matter changes in subjects with higher Braak
stage scores. There was also a significant association between frontal WMHs and Braak
stage (neurofibrillary tangles pathology) in whole sample of 130 or 129 cases. There was
no evidence of any association between parietal PVWMH, parietal DWMH, temporal DWMH,
or occipital DWMH and Braak staging or CERAD scores.

9p < 0.02, Greater frontal PVWMH signals in subjects with moderate and frequent NP as
determined by CERAD criteria.
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load or neurofibrillary tangle counts were formed by using a rank
order. Thus, the 3 groups formed represented those with the
lowest amyloid- load or neurofibrillary tangle counts, the high-
est amyloid 3 load or neurofibrillary tangle counts, and those in
between. In some of the analyses, we combined the NA and
borderline groups and considered them as one. The justification
for this was that the NA and borderline groups did not meet any
diagnostic criteria for the common primary neurodegenerative

disorder.

RESULTS Table 1 shows the distribution of 132
subjects within the main pathologic diagnostic
groups. There were no apparent differences in the
mean age or brain weights between the groups. Fe-
males were overrepresented (78%-90%) in each of
this very old group. As expected, the frequency of
clinically diagnosed dementia increased with severity
of pathologic criteria which defined each group. The
AD and the AD plus other groups exhibited the
highest AD-type pathology burden (p = 0.000).
There was no significant difference between the
groups in the proportion of subjects with at least one
macroscopic infarct (table 1).

Evaluation of the successful MRI indicated that
some degree of PVWMH or DWMH was present in
all (100%) subjects whereas moderate to severe (scale
4-6) frontal DWMH were detected in 64 (50%) of
129 subjects (table 1). Both frontal PVWMH and
DWMH were more extensive in the AD group com-
pared to the NA group or compared to the NA and
borderline groups together. A similar result was evi-
dent when all those with primary neurodegenerative
disorder were compared either to the NA group
alone or to that combined with the borderline group.
We also noted that the combined frontal WM
changes were greater in those subjects in the 10th
decade and older compared to younger subjects, i.e.,
aged <90 vs >91 years, irrespective of the presence
of any other pathology (» = 0.002, Mann-Whitney
U test). There was no evidence of any association
between parietal PVWMH and parietal, temporal,
and occipital DWMH, and AD pathology (p >
0.05). When we combined the scores for both
PVWMH and DWMH and evaluated as mild and
severe degrees (table 1), the association between fron-
tal WM changes and AD was clearly evident. There
was also a significant association between the NA and
borderline groups vs AD and AD plus other pathol-
ogy groups (table 1).

To delineate the possible association between
WMH and AD-type pathology, in subsequent analy-
ses we concentrated on the AD, borderline, and NA
groups. Irrespective of this demarcation, all the
changes were maintained when the AD + other pa-
thology group were included together in the analysis.
Severe frontal PVWMH and DWMH were signifi-
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Figure 2
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Relationship between Braak neurofibrillary tangles staging and presence,
number, size, and location of cerebral infarcts in 85+-year-olds
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Histograms show % cases with distribution of Braak staging by size and location of in-
farcts. Data are from 78 subjects comprising Alzheimer disease (AD) cases without other
primary neurodegenerative disorder vs non-AD + borderline samples. *Significance: p <
0.03 (x?), presence of vascular lesion or infarcts and moderate Braak scores. DWMH = deep
white matter hyperintensities; PVWMH = periventricular white matter hyperintensities.

cantly more common in those with moderate to fre-
quent neuritic plaques than in subjects with lower
density of cortical neuritic plaques. The Braak stage
for neurofibrillary pathology was also significantly as-

Figure 3 Histograms showing distribution of
numbers of infarcts in cases with
periventricular white matter
hyperintensities (PVWMH) and
frontal deep white matter
hyperintensities (DWMH)

B nfarcts > 3
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Data are from 132 subjects comprising Alzheimer disease
(AD) cases without other primary neurodegenerative disor-
der vs NA + borderline samples. *Significance: p < 0.03 (x3),
association of frontal DWMH with infarcts. There was also
greater severity of frontal PYWMH signals in subjects with
AD who had exhibited no macroinfarcts (p < 0.02; not
shown). WM = white matter.

sociated with the extent of both frontal PVWMH
and DWMH (table 2). The proportion of individu-
als with extensive lesions increased as the Braak stage
increased. However, again there was no relationship
between WMH in any of the other lobes and the AD
pathology (not shown).

We found no evidence for any association be-
tween the frontal WMH and neocortical numerical
count for amyloid B deposition or load (tables 1 and
2). There was, however, a weak trend apparent with
frontal PVWMH (p = 0.05): the proportion of indi-
viduals with extensive PVWMH increased as the
amount of cortical amyloid B protein increased (not
shown). Not surprisingly, each of the variables for
neurofibrillary pathology and amyloid plaque bur-
den for the whole oldest old sample was related to
each other (data not shown).

We further tested the whole sample as well as the
AD vs the NA + borderline groups for an association
between severity of AD type of pathology and pres-
ence or absence, location, size, or number of infarcts
(figure 2). Uneven numbers of macroscopic infarcts
were found in the cortex, WM, and basal ganglia in
56% of the 132 subjects. Smaller infarcts (<15 mm)
were the most common type (67%) among cases
with AD-type and AD+ other pathology (table e-1
on the Neurology® Web site at www.neurology.org).
When the distribution of infarcts was analyzed by
location against the pathologic groups, cortical in-
farcts rather than those in WM or basal ganglia were
greater in the borderline, AD, and other pathology
groups (p < 0.006). The presence of infarcts was
associated with moderate Braak scores (p < 0.02)
but not with more severe neurofibrillary pathology,
neuritic plaques, or amyloid load (figure 2). Figure 3
shows that there were no relationships between the
number of macroscopic cerebral infarcts and frontal
PVWMH but more profoundly there were greater
numbers of cerebral infarcts in parallel with frontal
DWMH (p = 0.03). However, in those cases with-
out macroscopic infarcts, there was a relationship be-
tween AD and severity of frontal PVWMH as
opposed to DWMH (table e-2). Infarcts in the WM
and basal ganglia did not reveal any relationships

with any of the pathologic features.

DISCUSSION Few studies have focused on dissect-
ing the pathologic changes in the oldest or very old
(>85 years) within unselected community-dwelling
individuals.! In this study, as in others,?? the frontal
lobe revealed the widest interindividual variation in
the WM abnormalities. Despite the high age of all
these individuals, the burden of frontal WM changes
still correlated independently with age. Our results
indicate a link between the frontal, but not temporal,
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parietal, or occipital, WM abnormalities and the
presence of neurofibrillary pathology in the oldest
old. We observed an association between severity of
the frontal PVWM and DWM changes detected by
MRI and high Braak stage scores. These results ac-
cord with our previous in vivo MRI observations.?>24
The presence and the progression of WM changes
are associated with progression of medial temporal
atrophy in AD which is also pathologically character-
ized by a high burden of neurofibrillary tangles.

We did not find an association between the fron-
tal WM changes upon MR and actual neocortical
tangle counts. Such a discrepancy between individual
counts and the Braak stages may not be surprising,
because occasional neocortical tangles can be seen in
almost any Braak stage less than V, and thus, a low
tangle count does not predict the Braak stage. In ad-
dition, the relationship between the Braak stages and
WMH was linear, indicating that the WM changes
may develop independently or before the neocortical
neurofibrillary pathology. There was some evidence
that other neocortical tau pathology, the density of
the neuritic plaques, is associated with the size of the
periventricular WM hyperintensities.

How might the association between frontal WM
lesions and neurofibrillary pathology be explained?
We offer 3 possible scenarios. First, it relates to the
vascular origin of AD-related degenerative changes.
It is unlikely that an occlusive disease in large or
middle-sized arteries supplying the brain would ex-
plain the relationship because macroscopic infarcts
did not show linear association with the AD-type pa-
thology. On the other hand, because the extent of
cerebral amyloid angiopathy and the presence of mi-
croinfarcts were not analyzed, the possibility that pa-
thology within the very small blood vessels of brain
presumably in WM would have provided the link
between the neurofibrillary pathology and WM
changes cannot be excluded. It is already known that
WM attenuation increases with older age®® and is fre-
quently observed in neurodegenerative disorders
such as AD? and in clinically diagnosed DLB,
though to a lesser extent than in VaD.?2® Recent
diffusion tensor imaging (DTI) studies suggest that
the WM microstructure disintegrates with age in
particular fiber populations within the prefrontal re-
gion and internal capsule.?”?® WM changes fre-
quently though not always coincide with
cerebrovascular risk factors such as hypertension,
atherosclerosis, and diabetes, and are evident in VaD.
The vascular basis of WM change involves arterio-
sclerosis, microinfarction, perivascular spacing (état
criblé), along with myelin loss and axonal swelling.3!
Disturbances in CSF production, disruption in
blood-brain barrier permeability to macromole-
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cules, and cerebral edema®*?* have been cited as im-
portant causes in the development of WM changes.
There may also be age-related functional deficits in
branches of the perforating arteries.

Furthermore, we previously showed that the le-
sional or myelin-depleted deep WM is in a chronic
hypoxic state as indicated by the hypoxia-related
messengers.>* This occurred without relevance to the
primary degenerative pathology in the neocortex.?%3
On the other hand, microarrays suggest that WM
lesions represent areas with a complex molecular phe-
notype®’; multiple pathways are activated indicating
WM changes arise through tissue ischemia but may
also reflect the contribution of other factors like
blood—brain barrier dysfunction. Thus, it is conceiv-
able that the WM abnormalities instigate the neuro-
fibrillary pathology in the oldest old brains from the
Vantaa 85+ cohort involving a small vessel disease
component.

In the second scenario, could it be that there is
direct interaction between cortical infarcts and neu-
rofibrillary pathology in association cortices and
WM changes are coincidental to this? Our results
showed that macroscopic cerebral infarcts were
present in approximately half of the subjects in each
diagnostic group, the cortex being the most common
location. This is consistent with the high degree of
mixed neurodegenerative and vascular pathologies in
community-dwelling elderly subjects.’® We did not
detect a relationship between the types or the size of
cerebral infarcts and AD-type pathology but there
was a clear association between the presence of in-
farcts and moderate neurofibrillary pathology as as-
sessed by Braak staging in AD cases. Other studies
have emphasized that a significant association exists
between cortical watershed microinfarcts and AD
(32% cases vs 3% controls).>"3¢ While this associa-
tion may be related to the known association be-
tween cerebral amyloid angiopathy and AD, it is
possible that small cortical infarcts affect local neuro-
nal circuits to induce retrograde effects and neurofi-
brillary pathology in association cortices.

The third scenario entails that WM changes result
directly from cortical neurodegeneration and reflect
prior gray matter loss. Thus there is the possibility
that WM changes reflected on MR are caused by
pathologic processes originating within neurons or
the neural networks. One simple explanation could
be the death or degeneration of neurons, particularly
within the limbic region, results in decreased axonal
density with loss of myelin in the frontal WM. This
is consistent with the DTI-based MR studies suggest-
ing that WM microstructural damage accompanies
diffusivity changes and tissue loss within cortical and
subcortical gray matter in old age and in different
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neurodegenerative dementias in the absence of in-

farcts or cerebrovascular disease.3°37:3

There was also no apparent relationship between
the frontal WM changes and the actual burden of
amyloid plaques or the neocortical amyloid-8 load
per area or even the Thal staging® for amyloid (R.
Kalaria, unpublished data). A previous study® indi-
cated that the frontal astrogliosis and amount of ax-
onal APP, but not intensity of the myelin staining in
patients with AD, are closely related to parenchymal
amyloid. Therefore, hypothetically, the WM changes
detected on MRI may be more related to the pres-
ence or absence of myelin than the other markers of
WM damage. On the other hand, our study was
based on an unselected population, not only on pa-
tients with AD.*
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